Using molecular genetic techniques, we have generated and characterized six temperature sensitive (ts) alleles of nop2. All failed to support growth at 37°C and one was also formamide sensitive (fs) and failed to grow on media containing 3% formamide. Conditional lethality is not due to rapid turnover of mutant Nop2p proteins at 37°C. Each allele contains between seven and 14 amino acid substitutions and one possesses a nonsense mutation near the C-terminus. Mapping experiments with one allele, nop2-4, revealed that a subset of the amino acid substitutions conferred the ts phenotype and that these mutations have an additive effect. All six mutants exhibited dramatic reductions in levels of 60S ribosome subunits under non-permissive conditions as well as some reduction at permissive temperature. Processing of 27S pre-rRNA to mature 25S rRNA was defective in all six mutants grown under nonpermissive conditions. Levels of the 40S ribosomal subunit and 18S rRNA were not significantly affected. Amino acid substitutions in nop2 conditional alleles are discussed in the context of the hypothesis that Nop2p functions both as an RNA methyltransferase and a trans-acting factor in rRNA processing and large ribosomal subunit biogenesis.
INTRODUCTION
An essential aspect of ribosome synthesis in eukaryotic cells is the processing and modification of rRNA. In yeast and other eukaryotes in general, processing and modification reactions occur post-transciptionally, but begin prior to the completion of 35S pre-rRNA synthesis, which takes place in the nucleolus. In yeast, co-and post-transcriptional processing of 35S pre-rRNA yield mature 18S, 5.8S and 25S rRNAs. Modification of rRNA by small nucleolar ribonucleoprotein complexes (snoRNPs) and other trans-acting factors takes place co-transcriptionally as initial rRNA processing and subunit assembly steps are executed. In yeast cytoplasmic small and large subunit rRNAs, 55 ribose sugars are methylated at the 2′-hydroxyl position, 44 uridines are converted to pseudouracil (Ψ) and approximately nine covalent modifications are made to nucleotide bases (1) (2) (3) . Pseudouridylation and 2′-O-methylation are carried out by snoRNPs by means of a targeting mechanism entailing antisense complementarity between a small nucleolar RNA (snoRNA) and a modification site in rRNA (4) . Base modifications on the other hand are not known to involve snoRNA-based targeting mechanisms and may be carried out by enzymes that directly recognize modification sites in rRNA, by analogy with tRNA base modifying gene products from various species, including Escherichia coli and yeast (5) . A number of factors required for modification have also been shown to be required for pre-rRNA processing and subunit assembly (reviewed in 6). Thus, rRNA modification is linked functionally and temporally with processing and assembly steps required for ribosome synthesis.
The yeast nucleolar protein Nop2p is required for processing of 27S pre-rRNA to 5.8S and 25S rRNAs (7) , both of which are incorporated into the large 60S subunit. Nop2p and the human proliferation marker P120 are likely orthologs (8) . Primary structure analysis in the form of motif and database comparisons have suggested that Nop2p and P120 may function as methyltransferases (7, 9) , although NOP2 was not identified in a recent motif-based search of the Saccharomyces cerevisiae genome for methyltransferases that possess an S-adenosylmethionine (SAM)-binding domain (10) . We previously addressed the question as to whether or not Nop2p functions in the 2′-O-methylation of riboses in 25S rRNA at positions UmGm 2922 [nucleotide numbering according to the Saccharomyces Genome Database (SGD); ribose methylation is denoted 'Nm', whereas base methylation is denoted 'mN'] (7). Methylation at these nucleotides was chosen for study because they are evolutionarily conserved from yeast to human (11) and methylation at these nucleotides is known to occur late in prerRNA processing, at the step of conversion of 27S to 25S rRNA (12) . Our previous work demonstrated that during depletion of Nop2p, at which time 27S pre-rRNA accumulates, methylation remains low at UmGm 2922 (7) . We concluded that methylation and processing are tightly coupled at this processing step and we were not able to determine if low methylation was a cause or a consequence of the failure to process 27S pre-rRNA (7) . Considering our current understanding of the role of C/D box snoRNPs in 2′-O-methylation and the antisense complementarity between UmGm 2922 and snR52 (2) , *To whom correspondence should be addressed. Tel: +1 352 392 1873; Fax: +1 352 392 3305; Email: johnaris@ufl.edu it is unlikely that Nop2p methylates these sites. Thus, the function of Nop2p remains an open question. Moreover, the mechanism by which processing of 27S pre-rRNA is coordinated with 'late' methylation of UmGm 2922 by C/D snoRNPs remains a compelling mystery.
Recent progress in characterizing an rRNA methyltransferase from E.coli and a tRNA methyltransferase from yeast suggests that Nop2p may be a 5-methyl-cytosine (m5C) methyltransferase (13) . Two of the most closely related proteins by sequence alignment with Nop2p are E.coli Fmu/RsmB/RrmB and yeast Trm4p/Ncl1p (7) . Fmu and Trm4p have recently been shown to be m5C-methyltransferases for bacterial large subunit rRNA and yeast tRNA, respectively (14) (15) (16) . In addition, King et al. have found a limited, but intriguing region of similarity, 'motif II', between Nop2p and m5C DNA methyltransferases and have shown that a conserved cysteine residue in this region is required for Nop2p function (17) . Consistent with the notion that Nop2p and human P120 may function as rRNA m5C methyltransferases, the only known m5C modification sites in rRNA are located in 25S rRNA at a position conserved in higher eukaryotic 28S rRNA.
For the purpose of investigating Nop2p function, we report herein the generation and characterization of six conditional nop2 alleles, certain ones of which sustained amino acid substitutions in motifs found in SAM-dependent methyltransferases. To our knowledge, this is the first demonstration that point mutations in NOP2 can adversely affect processing of pre-25S rRNAs and production of 60S ribosome subunits, and the second report of an amino acid substitution in a putative SAM-binding motif ('motif I') of a nucleolar protein that induces a growth phenotype. A previously described temperature sensitive (ts) allele of NOP1, nop1-3, encodes four amino acid replacements (18) , one of which lies within a motif recently identified as a putative SAM-binding domain (10) . One of the nop2 alleles described here, nop2-10, appears to have a more pronounced effect on large ribosome subunit assembly than on pre-rRNA processing, suggesting a role for Nop2p in ribosome assembly per se. Also, nop2-4 has been useful in the identification of novel nucleolar proteins Nop12p and Nop13p, which have been described (19) .
MATERIALS AND METHODS

Microbiology and molecular biology
Saccharomyces cerevisiae strains used in this study are listed in Table 1 . L4717 is an S288c derivative (C. Styles, Whitehead Institute, personal communication). Yeast was grown on complex media (YPD or YPGal), or synthetic minimal media (SD or SGal), which were supplemented with appropriate nutrients, as described (19) . For plasmid shuffling, 1 mg/ml 5-fluoroorotic acid (5-FOA) was added to SD medium (21) . Formamide (molecular biology grade) was added to SD medium at 3% (v/v) (22) . Ethanol was added to 50°C agar media at 6% (v/v) just prior to pouring plates, and plates were used immediately after cooling to room temperature (22) .
Plasmids used in this study are listed in Table 1 and were amplified in E.coli strain DH5α and prepared using standard methods (23) . pJPA40 consists of NOP2 in pRS316 (URA3, CEN6) (7) . DNA was transformed into yeast cells using a lithium acetate method (24) . Recovery of plasmid DNAs from yeast was done according to Strathern and Higgins (25) . Standard methods were used for molecular cloning (23, 26) . Restriction enzymes were from New England Biolabs. Manual DNA sequencing was done using dideoxy chain terminators 
Isolation and construction of mutant alleles
In vitro mutagenesis of NOP2 was done by low fidelity PCR using reaction conditions modified from Muhlrad et al. (27) . NOP2 on a linear KpnI fragment from pJPA30 (8) (28) . All plasmids listed in Table 1 are derivatives of pBH49, except pJPA40, which has been described (7) . Sequence homology between gapped pBH49 and PCR products was ∼380 bp at the 5′ end and ∼715 bp at the 3′ end. Multiple transformations of YBH3 were done in parallel and plated onto selective medium containing uracil, but lacking histidine, followed by replica plating with velvets onto medium containing 5-FOA. Each transformation mixture contained ∼140 ng PCR product and ∼60 ng gapped plasmid DNA. Colonies that formed in the presence of 5-FOA were replica plated onto selective medium and incubated at 14, 37 or 25°C with or without 3% formamide or 6% ethanol. Plasmid DNAs recovered from yeast cells were analyzed by restriction digestion and the NOP2 ORF was excised with EcoRI, gel-isolated, recloned into pBH49 at the EcoRI site and reintroduced into YBH3 by plasmid shuffling. The six nop2 conditional alleles generated by PCR mutagenesis contained a total of 78 nucleotide changes. For the six alleles considered together, there was good agreement between the frequency with which a nucleotide was mutated and the frequency with which a nucleotide occurs in the NOP2 ORF (data not shown). Thus, although there are well-documented biases in base incorporation rates by Taq polymerase used under various conditions (29) , the strategy of pooling four PCRs, each of which contained a reduced concentration of a single dNTP, did not introduce bias into the generation of nop2 mutants.
Site-directed mutagenesis was done using the QuickChange kit (Stratagene), with the following primer pairs: JA48, 5′-GAAAA-TGAGCGTACGTTGGATATGGC-3′ and JA49, 5′-GCCATA-TCCAACGTACGCTCATTTTC-3′ (I 349 T); JA47, 5′-GATATG-GCAGCGGATCCAGGTGG-3′ and JA46, 5′-CCACCTGGA-TCCGCTGCCATATC-3′ (A 355 D); and JA45, 5′-GTTTTCGCT-AACGACACCAATAAATCTAGAAC and JA50, 5′-GTT-CTAGATTTATTGGTGTCGTTAGCGAAAAC-3′ (A 378 T).
The entire NOP2 ORF was sequenced in plasmids containing site-directed mutations.
Immunoblotting and immunofluorescence localization
Total cellular proteins were extracted in the presence of TCA, precipitated and separated on 10.5% polyacrylamide-SDS gels, transferred to nitrocellulose and analyzed by immunoblotting using chemiluminescent detection as previously described (30) . Affinity-purified polyclonal antibody #3 (APpAb3) is directed against synthetic peptide A (DEELKDE-FDLEQEYD) and has been previously described (8) . Monoclonal antibody D68 emerged from a hybridoma screen described previously (31) . Blots to be stripped and reprobed were kept moist following chemiluminescent detection, incubated for 30 min in 50 mM NaH 2 PO 4 , pH 6.5, 2% SDS, 0.1 M β-mercaptoethanol at 50°C, washed extensively with 0.1% Tween-20 in PBS and exposed to film prior to reprobing, which was done using standard procedures. For indirect immunofluorescence, L4717 and YBH5 cells were grown in YPD or YPG medium, fixed in 3% freshly hydrolyzed paraformaldehyde, placed on slides and probed with antibodies as described (30) . Application of Cy2-conjugated anti-rabbit and Cy3-conjugated anti-mouse secondary antibodies (Jackson ImmunoResearch) and counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) were done as described (30) . Data were collected on a Zeiss Axiophot microscope equipped with a 100× Neofuar objective lens and a CCDbased digital camera using the single color channel mode.
Polysome and pulse-chase labeling analysis
Sucrose density gradient analysis was done as described previously (7). Pulse-chase analysis of precursor-product relationships in rRNA synthesis was done as described (30) . Pulse labeling and chase incubations were done under non-permissive growth conditions. Glyoxal gels were treated with En 3 Hance according to the manufacturer (DuPont NEN), dried and exposed to Kodak MR film.
RESULTS
Isolation and characterization of six ts nop2 alleles
In this study, random point mutations were generated in vitro in plasmid-borne NOP2 using low fidelity PCR and an estimated 32 000 colonies were screened to determine if they were sensitive to temperature, cold (cs), formamide (fs) or ethanol (es). In the first round, 26 ts, one cs, one fs and no es candidates were isolated. Of these, seven ts and one fs candidates were demonstrated to be plasmid-borne and not attributable to chromosomal mutations. Subcloning experiments demonstrated that in five cases the ts phenotype mapped to the NOP2 ORF and that both ts and fs phenotypes manifested by one isolate mapped to the NOP2 ORF. The six nop2 mutant alleles were present on pRS313-based plasmids in strains YBH15, 16, 17, 20, 21 and 23 ( Table 1) .
All six mutant alleles failed to grow at 37°C (Fig. 1A) . Four of the six mutant alleles (nop2-3, nop2-5, nop2-6 and nop2-9) supported rates of growth at 25 and 30°C that were similar to wild-type NOP2 (Fig. 1A) . Two alleles, nop2-4 and nop2-10, grew noticeably slower, even at permissive temperatures (Fig. 1A) . The slowest growing allele, nop2-10, conferred sensitivity to both 37°C and 3% formamide (Fig. 1B) . All six alleles could be rescued by NOP2 provided in trans (Fig. 1B and data not shown). None of the ts alleles exhibited cs growth at 14°C (data not shown). After shift to non-permissive temperature, the six alleles did not exhibit a pronounced growth defect for 2-4 doublings (4-6 h) ( Fig. 2A) . After ∼10 h growth under non-permissive conditions, however, growth rates were substantially diminished. Parental (L4717) and NOP2 strains (YBH3 and YBH31) did not exhibit reduced growth rates at 37°C ( Fig. 2 ; data not shown). Shift to formamide-containing medium yielded similar growth dynamics for the strain bearing nop2-10 ( Fig. 2B) . After ∼10 h in medium containing formamide the growth rate slowed considerably (Fig. 2B ). Prior to this, however, the growth rate was only slightly reduced, similar to the behavior of ts mutants during the initial hours after shift to 37°C ( Fig. 2A) .
In a number of experiments, we found evidence for influence of allele copy number and strain genetic background on conditional lethality. In the case of nop2-6, the ts phenotype seems to be dependent on both strain background and allele copy number. Several haploids that were derived from a cross of YBH17 (L4717 nop2::LEU2 pBH72 [nop2-6]; S288c background) with YCH128 (32; W303 background) contained nop2-6 in a 'blended' genetic background and failed to exhibit ts growth at 37°C (data not shown). In addition, nop2-6 present on a plasmid containing the 2 micron circle origin of replication in the original L4717 background did not exhibit ts growth (data not shown).
Temperature sensitivity is not caused by rapid turnover of mutant Nop2p proteins
To exclude the possibility that conditional phenotypes arise from rapid turnover of mutant proteins under non-permissive conditions, immunoblotting analysis of mutant versions of Nop2p was done. After 6 h at 37°C, all mutated versions of Nop2p were readily detected in whole cell extracts (Fig. 3) . The affinity-purified antipeptide polyclonal antibody (APpAb3) crossreacts non-specifically with certain cellular proteins on the blot, which provides an internal control for protein loading in the immunoblotting experiment ( Fig. 3 and data not shown). Although Nop2p levels were reduced compared with controls, no evidence of dramatically reduced protein half-life was observed, suggesting that mutated versions of Nop2p were relatively stable. Even after 24 h at 37°C, mutant versions of Nop2p were detected by western blotting of whole cell extracts (data not shown). It is noteworthy that immunoblotting results did not correlate with the severity of the ts phenotype. In particular, levels of Nop2-10p appeared similar to levels in control strains, despite the fact that nop2-10 confers the most severe growth phenotype. This supports the interpretation that conditional lethality at 37°C is due to alterations in protein function rather than reductions in protein stability.
Significantly, mutant versions of Nop2p migrated anomalously on SDS-polyacrylamide gels. Nop2-5p migrated faster than other mutants and controls, which is consistent with a reduction in apparent molecular mass of 1-2 kDa (Fig. 3) . Sequencing of this allele revealed the existence of an amber mutation near the 3′ end of the ORF, causing a truncation of 14 C-terminal amino acids (1552 Da). Altered electrophoretic mobilities were also observed for Nop2-6p, Nop2-9p and Nop2-10p and are most likely due to physiochemical changes, such as changes in charge and/or post-translational modification of mutant proteins. In general, physiochemical alterations in mutant proteins are consistent with alterations in function and support the findings that mutations carried in the NOP2 ORF confer the mutant phenotypes. 
Monoclonal antibody D68 is specific for Nop2p
During the course of these studies, we examined the effects of mutations in NOP2, under permissive and non-permissive conditions, on the distribution of various nucleolar proteins, nuclear pore complex proteins and nucleoplasmic proteins using indirect immunofluorescence (data not shown). We noticed that a previously uncharacterized monoclonal antibody (mAb) (D68) gave a nucleolar immunofluorescence localization pattern with all mutant Nop2p proteins except Nop2-4p (data not shown), suggesting that it may be directed against Nop2p. This finding was verified by immunoblotting extracts from nop2 mutant strains with mAb D68 (Fig. 3) . mAb D68 specifically detects wild-type and mutant forms of Nop2p with the exception of Nop2-4p (Fig. 3) . Close inspection of Figure 3 reveals that the Nop2-6p band is darker in the blot reprobed with mAb D68. This may result from the fact that nop2-6 encodes an amino acid substitution (E 108 G) within the peptide sequence (D 102 -D 116 ) used to prepare the affinity-purified antipeptide polyclonal antibody 3 (APpAb3). Thus, the amount of Nop2-6p (and Nop2-4p, which contains the change E 108 V) may be underestimated by immunoblotting with APpAb3. In addition, the immunofluorescence signal generated by mAb D68 precisely colocalizes with Nop2p, as detected by APpAb3 (Fig. 4a-d) . Furthermore, depletion of Nop2p in YBH5 (7) grown on glucose-containing medium for up to 12 h is accompanied by a time-dependent reduction of D68-specific nucleolar immunofluorescence signal (Fig. 4e-h ). This confirms that D68 is specifically directed against the nucleolar protein Nop2p.
nop2 alleles are defective in ribosome synthesis
Each allele was analyzed for its effect on ribosome synthesis. The six ts strains and the control strain YBH3 (carrying plasmid-borne NOP2) were grown to mid-log phase at 25°C and half of the culture was shifted to 37°C for 2 h. Levels of ribosomal subunits, monosomes and polysomes were measured by sucrose density gradient analysis. Extracts from YBH3 grown at 25°C reveal a normal polysome profile (Fig. 5O) , which does not change significantly if YBH3 is grown at 37°C (data not shown). In contrast, all of the ts strains exhibited significant changes in polysome profiles (Fig. 5) . In all mutants, levels of 60S subunits, 80S monosomes and polysomes were reduced after 2 h growth at 37°C (Fig. 5F-J and  L) . The degree of severity of the defect varied among the six strains grown at 37°C, with the nop2-10 strain being most affected. Even at the permissive temperature (25°C), reductions in 60S subunit and 80S monosome peaks were clearly evident in all mutants, although to different extents (Fig. 5A-E and K). Concomitant with these reductions, an accumulation of 40S subunits and the appearance of 'halfmer' polysomes were also observed (Fig. 5A-E and K) . Halfmer peaks correspond to 43S preinitiation complexes that accumulate under conditions in which the intracellular 40S:60S subunit ratio is increased. When YBH3 was incubated in medium containing 3% formamide at 25°C for 2 h, 40S, 60S, 80S and polysome peaks were reduced proportionally to a limited extent, but no halfmer polysome peaks were seen (Fig. 5N) . When the nop2-10 strain was incubated in medium containing 3% formamide at 25°C, 60S subunit levels declined below levels detected in the absence of formamide. In addition, the polysome profile revealed more pronounced accumulation of 40S subunits and higher relative levels of halfmer polysomes, compared with growth at 25°C without formamide (Fig. 5L and M) .
We conclude from the polysome analyses that exposure to non-permissive conditions leads to a specific and pronounced impairment of 60S subunit synthesis in all nop2 mutant strains. This is consistent with previous findings that NOP2 is required for pre-25S rRNA processing and 60S ribosome subunit synthesis (7) . The failure to produce normal levels of 60S subunits is most likely the basis for the growth defect in nop2 mutant strains under non-permissive conditions. Moreover, failure to produce normal levels of 60S subunits is most likely a direct result of altered function in mutant Nop2p isoforms given the fact that deficiencies in subunit levels are observed after only 2 h growth under non-permissive conditions, at Figure 3 . Western blot analysis. L4717, YBH3 and strains bearing nop2 ts alleles were shifted from 25 to 37°C and grown at 37°C for 6 h. Total cell protein extracts were prepared and analyzed by western blotting with an affinity-purified antipeptide polyclonal antibody directed against Nop2p (APpAb3). After stripping immunoglobulins from the membrane, it was reprobed with a monoclonal antibody (mAb D68). Nop2p (arrowhead) and non-specific protein bands (asterisks) are indicated. which point growth rate and Nop2p protein levels have not changed significantly.
nop2 alleles are defective in 25S rRNA production
To further delineate the molecular cause underlying defects in 60S subunit synthesis, pre-rRNA processing in the nop2 mutants was evaluated by pulse-chase labeling with [ 3 Hmethyl]methionine. After 2 h growth at 37°C, all six ts strains exhibited significant accumulations of 35S and 32S precursors compared with YBH31 grown under identical conditions ( Fig. 6 ; data not shown for nop2-10 at 37°C). At the same time, formation of 25S rRNA was significantly retarded, which is evident in low levels of 25S rRNA after 12 min of chase (Fig. 6) . The pre-rRNA processing defect was severe in nop2-4 and nop2-5 strains. When grown in 3% formamide medium at 25°C, the nop2-10 strain exhibited a similar pre-rRNA processing defect (Fig. 6) . However, when grown at 25°C in medium without 3% formamide, pre-rRNA processing in the nop2-10 strain appeared comparable to the control YBH31 (Fig. 6) . Pulsechase labeling of the nop2-10 strain after 2 h growth at 37°C yielded results virtually identical to those obtained with the nop2-4 strain: the 27S pre-rRNA being almost undetectable (data not shown). No accumulation of 20S pre-rRNA was observed and levels of 18S rRNA were not significantly affected in the six ts strains grown at 37°C (Fig. 6) . The severe processing defect observed with nop2-4 was relieved if NOP2 was provided in trans in a 'rescued' strain (data not shown). To rule out an influence of the nop2-4 and nop2-5 alleles on incorporation of [ 3 H-methyl]-label into the majority of methylated sites in 27S pre-rRNAs, pulse-chase labeling experiments were also done with [ 3 H]uracil and virtually identical results were obtained (data not shown). Taken together, these results prove that Nop2p is required for the processing pathway leading to 25S rRNA and are consistent with previously published results from Nop2p depletion analysis (7) .
Although all six nop2 mutants demonstrate a characteristic reduction in 25S rRNA production, subtle differences in pulsechase labeling results are apparent. nop2-3, nop2-6, nop2-9 and nop2-10 (in formamide) strains result in a more pronounced accumulation of 27S, 32S and 35S precursors (Fig. 6 ). In particular, 27S pre-rRNA remains visible at 8 and 12 min of chase in these four alleles (Fig. 6 ). In contrast, 27S rRNAs are barely detectable in nop2-4 and nop2-5 strains after 8 and 12 min of chase (Fig. 6) . These results suggest that Nop2p may function in both the stabilization and processing of 27S pre-rRNAs and that different mutants may differentially affect these two functions. The fact that the 27S processing intermediate did not accumulate in nop2-4 and nop2-5 strains suggests that one or more region(s) mutated in nop2-4 and nop2-5 may be required for the stability of 27S intermediates. In nop2-3, nop2-6, nop2-9 and nop2-10 strains, a relatively small amount of an aberrant 23S intermediate, which typically results from direct processing of the 35S primary transcript at sites A 0 and A 3 or B 1 , is also visible. The 23S intermediate is indicative of abnormal processing of pre-rRNAs and has been observed in connection with alterations in pre-25S rRNA processing in strains defective in the function of Nop4p/ Nop77p and Nop8p (32) (33) (34) . Finally, it is intriguing that YBH23 (nop2-10) exhibits virtually normal pre-rRNA processing in pulse-chase experiments at 25°C (Fig. 6 ), yet displays the slowest growth (Figs 1 and 2 ) and most abnormal polysome profile at 25°C (Fig. 5K ). This suggests that although Nop2-10p function at 25°C may be sufficient to permit relatively normal rates of pre-rRNA processing, it is not sufficient to promote normal synthesis of the 60S large ribosomal subunit. Figure 5 . Polysome analysis. Strains bearing nop2 ts alleles and YBH3 were grown at 25°C, shifted to 37°C or maintained at 25°C and grown for 2 h. YBH23 (nop2-10) was also shifted to medium containing 3% formamide (+ FA) and grown for 2 h at 25°C. Cell extracts were layered onto 15-50% sucrose gradients, centrifuged and analyzed using absorbance at 254 nm. See panel O for positions of ribosome subunits (40S and 60S), monosomes (80S) and polysomes (2-6). H, halfmer 43S preinitiation complexes are labeled.
Sequence analysis of nop2 mutants
To identify changes in the primary structure of mutant Nop2p proteins, the six nop2 alleles were sequenced to identify missense and nonsense substitutions at the nucleotide level ( Table 2 ). The number of nucleotide changes in each allele ranged from 10 in nop2-10 to 16 in nop2-4. The number of missense mutations in nop2 alleles ranged from seven (nop2-10) to 15 (nop2-4) ( Tables 2 and 3 ). Only one nonsense mutation emerged (K 605 to amber in nop2-5). In nop2-10, all mutations mapped to the C-terminal two-thirds of Nop2-10p, whereas in all other alleles missense mutations mapped across the entire protein span (Fig. 7A) . Amino acid substitutions are Table 3 and Figure 7A and shown in Figure 7B in the context of conservation of sequence between Nop2p and the human ortholog P120 (Entrez Protein Record 1171747).
Not shown are alignments with likely Nop2p orthologs from other species, including Mus musculus (477430), Arabidopsis thaliana (7487043), Drosophila melanogaster (7303448),
Caenorhabditis elegans (7509110) and Schizosaccharomyces pombe (7492771). In general, the region of greatest conservation between members of the Nop2p/P120 protein family, based on degree of uninterrupted agreement with the consensus from a CLUSTALW alignment (data not shown), extends from E 257 to K 548 in Nop2p (Fig. 7B) . Thus, the pairwise alignment between Nop2p and P120 shown in Figure 7B is representative of regions of conservation of amino acid sequence in the Nop2p/P120 protein family. Motif analysis and database mining (9,13) and recent progress in understanding the functions of Trm4p/Ncl1p (15) and Fmu/RsmB/ RrmB (14, 16) point to the likelihood that Nop2p may be an m5C-methyltransferase. We have previously noted the similarity between Nop2p, Ncl1p and Fmu (7). Ten motifs conserved among known and predicted SAM-dependent m5C-methyltransferases (13) are highlighted in Figure 7B . Because of the relatively high number of amino acid substitutions identified in each allele, we wished to determine which amino acids were responsible for the conditional growth phenotype and, by inference, the defect in ribosome synthesis. We considered it likely that not all amino acid replacements in a given nop2 allele would be required to elicit the conditional phenotype. To examine this issue, the nop2-4 allele was selected because it conferred a tight growth phenotype and had sustained the highest number of missense mutations, including substitutions in motifs conserved in SAM-dependent methyltransferases. To analyze nop2-4, BsgI and MfeI restriction sites were used to create alleles nop2-41 to nop2-46, which carried different combinations of mutations found in nop2-4 ( Fig. 8 and Table 1 ). Growth of nop2-41 at 37°C makes clear that the seven mutations upstream of the BsgI site are not responsible for the ts phenotype (Fig. 8) . Conversely, the seven point mutations downstream of the BsgI site in nop2-42 are responsible for the ts phenotype. These seven mutations were separated into different overlapping groups. Surprisingly, none of the groups tested conferred a complete ts phenotype. Only nop2-44 and nop2-45 conferred a partial phenotype (Fig. 8) . Mutations I 349 T and A 378 T alone (nop2-44), or in combination with P 497 L and K 545 E (nop2-45), had an effect on growth at 37°C. In contrast, P 497 L and K 545 E did not cause impaired growth in combination with F 244 L, T 280 A and G 306 S (nop2-43). Likewise, F 244 L, T 280 A and G 306 S did not cause ts growth in combination with I 349 T and A 378 T (nop2-46). Clearly, I 349 T and A 378 T result in impaired growth at 37°C. But, whereas P 497 L and K 545 E exacerbate this growth defect, they have no discernible effect on growth in the context of F 244 L, T 280 A and G 306 S. These findings suggest that amino acid substitutions act in a combinatorial fashion to generate the ts phenotype. Clearly, however, the two substitutions in Nop2-44p (I 349 T and A 378 T) resulted in slow growth at 37°C. One of these (I 349 T) falls within methyltransferase motif I, which is the SAM binding domain (Fig. 7B) . To determine if one or both of these mutations resulted in impaired growth at 37°C, site-directed mutagenesis was used to create individual changes I 349 T and A 378 T in alleles termed nop2-441 and nop2-442, respectively. Growth in liquid culture revealed that A 378 T had only minimal consequences for growth at 37°C, whereas the effect of I 349 T was more dramatic and primarily responsible for the growth defect in nop2-44 (Fig. 9) .
DISCUSSION
PCR-based mutagenesis of NOP2 yielded six mutants exhibiting ts growth at 37°C, one of which grew slowly and was fs, at 25°C. These mutants contained between 10 and 16 point mutations, only one of which was a nonsense mutation. The conditional lethal phenotypes observed were not due to rapid turnover of mutant proteins, which was shown through the use of a newly-described monoclonal antibody directed against Nop2p. Thus, impairment of a required function for Nop2p underlies the conditional lethality in nop2 mutant strains grown under non-permissive conditions. This is the first demonstration that point mutations in NOP2 can adversely affect processing of pre-25S rRNAs and production of 60S ribosome subunits. All six mutant alleles showed very similar molecular defects after only 2 h growth at non-permissive conditions, when growth rate and Nop2p protein levels were not significantly diminished. This indicates that Nop2p plays a direct, rather than indirect, role in pre-25S rRNA processing and 60S subunit production. Mutations in nop2-4, the allele with the greatest number of amino acid substitutions (14) , were subdivided by subcloning experiments in order to identify those mutations responsible for the growth phenotype. The seven N-terminal amino acid substitutions in Nop2-4p were neither necessary nor sufficient for ts growth. It may be generally true of the six nop2 alleles that many of the missense mutations do not contribute to the conditional lethal phenotype. Frameshift mutations were not detected in our screen. In contrast, PCR mutagenesis of SNM1, which encodes an essential 22.5 kDa subunit of RNase MRP, yielded a number of frameshift and nonsense mutations, in addition to missense mutations (36) .
One of the most intriguing findings that emerged from our studies concerns results obtained with ts strains grown under permissive conditions (25°C). In all six mutant strains, production of 60S subunits was impaired at 25°C and became more so at 37°C. However, pulse-chase analysis plainly showed that production of 25S rRNA at 25°C was similar to wild type. This was most evident with YBH23 (nop2-10), which displayed the slowest growth and most abnormal polysome profile at 25°C, yet exhibited virtually normal pre-rRNA processing in pulsechase experiments conducted at 25°C. One interpretation of these results is that 60S subunit production is exquisitely sensitive to changes in pre-25S rRNA processing. This may be due to transcriptional repression of ribosomal protein genes during (Table 1 ). Serial dilutions of the resulting strains were replica plated onto YPD and grown at 25 or 37°C for 3 days. Asterisks represent approximate positions of amino acid substitutions in mutant alleles. Figure 9 . Site-directed mutagenesis of NOP2. Two point mutant alleles, nop2-441 (I 349 T) and nop2-442 (A 378 T), were constructed to contain the individual amino acid substitutions found in nop2-44 (Fig. 8) . Mutant and control NOP2 strains were grown in YPD at 25°C and either maintained at 25°C or shifted to 37°C. Cell densities (OD 600 ) were measured at different times (in h) and liquid cultures were diluted during the time course to maintain an OD 600 <0. 5. heat shock (37, 38) , which may exacerbate the effects of a large subunit rRNA processing defect by interrupting the supply of ribosomal proteins during early subunit assembly steps that take place during rRNA processing reactions. An alternative interpretation is that mutations that affect a function of Nop2p required for 60S synthesis per se may be better tolerated than mutations that affect a Nop2p function required for 27S prerRNA processing per se. This suggests that Nop2p may perform more than one function required for pre-rRNA processing and large subunit assembly and that sensitivity to formamide may be a useful experimental tool for uncoupling these functions.
No evidence for essential functions unrelated to production of large ribosomal subunits emerged from our studies. In this sense, Nop2p is unlike Dim1p and Snm1p, which are also nucleolar proteins involved in pre-rRNA processing. Analysis of different ts alleles of DIM1 revealed that Dim1p carries out an essential quality control function in addition to its activity as an 18S rRNA diadenosine dimethylase (39) . Certain conditional alleles of SNM1 result in plasmid missegregation, suggesting a role for Snm1p in cell cycle regulation during exit from mitosis (36) .
We also tested for suppression of the nop2 ts phenotype by expression of pre-rRNA from a Pol II promoter. The rationale for this was two-fold: (i) in the course of conducting genetic screens for high copy suppressors of different nop2 ts alleles, we identified a plasmid carrying a portion of the rDNA repeat (data not shown); and (ii) LaFontaine et al. (39) reported that expression of rDNA from the PGK promoter (but not GAL10 promoter) suppressed pre-rRNA processing defects in dim1-1 and dim1-9 mutants. We found that expression from a GAL7::rDNA plasmid (40) did not suppress any of the nop2 ts alleles (data not shown). In contrast, allele-specific, transcription-dependent synthetic lethal interactions were observed between the GAL7::rDNA plasmid and the nop2-4 and nop2-6 alleles at 25°C (data not shown). This indicates the existence of a functional difference between Pol I-transcribed pre-rRNA and Pol II-transcribed pre-rRNA insofar as the function of Nop2p is concerned.
Interestingly, two mutations in nop2-4 (I 349 T and A 378 T) were found to yield a partial ts phenotype. This partial ts phenotype was augmented by combination with P 497 L and K 545 E, but ameliorated by combination with F 244 L, T 280 A and G 306 S. Thus, at least in nop2-4, a single amino acid change does not appear to block Nop2p function at 37°C. Changes encoded by nop2-4 (I 349 T and A 378 T) mapped to a region of Nop2p that is highly conserved in the human ortholog P120. This conserved region contains signature motifs found in a number of different classes of SAM-dependent methyltransferase enzymes (9, 13) . I 349 T lies in motif I (SAM-binding motif) and A 378 T is adjacent to motif II. Site-directed mutagenesis demonstrated that I 349 T was responsible for the partial ts phenotype. Another change, A 355 D in nop2-5, also fell within motif I. Site-directed mutagenesis demonstrated that this mutation in nop2-5 was responsible for a partial ts phenotype as well (data not shown). To our knowledge, this is the second report of a substitution in the SAM-binding motif of a nucleolar protein that induces a growth phenotype. The previously described ts allele nop1-3 results in four amino acid replacements (18), one of which (A 175 V) lies within a motif (VLYLGAASG 178 ) recently identified as a putative SAMbinding domain in Nop1p (10) . Random PCR mutagenesis of DIM1 yielded 10 conditional alleles with between one and six amino acid replacements, none of which was present in the SAM-binding motif (41) . Significantly, the nop1-3 allele results in strong inhibition of nucleolar methylation of prerRNA (18) . Alignment of putative SAM-binding motifs from Nop1p and Nop2p indicates that the position in motif I of A 355 D encoded by nop2-5 lies immediately adjacent to the position in motif I of A 175 V encoded by nop1-3. We note, however, that putative SAM-binding motif I in Nop2p (ILDMAAAPGGKTTYIS) and Nop1p (VLYLGAASGT-TVSHVS) are not highly similar, which reflects the fact that a single consensus sequence has not been defined for the SAMbinding domain, which is found in methyltransferases exhibiting a broad range of substrate specificities.
A number of other amino acid substitutions in different nop2 ts alleles mapped to motifs present in methyltransferases. Figure 7 shows motifs conserved among members of the methyltransferase family that are most similar to Nop2p (13) . Of these, motif IV is the second longest, yet did not sustain an amino acid replacement in any of the six nop2 ts alleles. This may be due to the fact that substitutions in this motif are tolerated bimodally; either relatively well or not at all. Six sitedirected mutations made by King et al. (17) at conserved positions within this motif were tolerated well or not at all. Substitution of C 424 for alanine or serine eliminated Nop2p function and the change D 416 A resulted in slower growth at 38°C, but only by a small extent. Two other site-directed mutations within seven residues of motif IV on its C-terminal side did not affect growth (17) .
SAM-dependent methyltransferases modify numerous types of molecules in biological systems, including nucleic acids, proteins, lipids and small molecules, and can be classified on the basis of substrate type and common primary structure motifs. In this context, it is striking that Nop2p exhibits a high degree of similarity with a specific class of RNA methyltransferase from S.cerevisiae (Trm1p) and E.coli (Fmu) that methylate specific cytosines at ring position five. This suggests that Nop2p may function as an m5C methyltransferase. Consistent with this notion for Nop2p function, only one or two m5C modification(s) are known to be present in mature rRNA. Small subunit rRNA, in either yeast or human, does not contain m5C (12, 42, 43) . On the other hand, large subunit rRNAs from yeast and human contain 1-2 m5C modifications. Quantitation and mapping of m5C using radiolabeling and RNA fingerprint analysis by Planta and colleagues (12, 42, 43) is consistent with either one or two moles of m5C per 25S rRNA, as has been reviewed by Maden (3, 11) . Only one m5C has been unequivocally mapped in 25S rRNA (43) . This m5C is found in 25S rRNA at position 2278 in yeast (nucleotide numbering according to SGD), which is equivalent to position 3751 in human (3, 11) . The fact that this site is conserved in yeast and human is consistent with the notion that functional counterparts exist in yeast (Nop2p) and human (P120). The conditional alleles of nop2 described herein should be extremely useful in testing the hypothesis that Nop2p is an RNA methyltransferase and in revealing its role in rRNA processing and large ribosomal subunit biogenesis.
